s{ 1 4op fif O0%%

|

AD-A214 268 |

FIBERGLASS MATERIAL .
A : SPECIFICATION TEST SUPPORT‘ |

nannd

U.S. COAST GUARD
DEPARTMENT OF TRANSPORTATION

s Boe
»

USRS 998

»
]
1
3
a
g
0
N
R

« —e

September 27, 1985




,,,,,,

o R ' . - R .'_‘ - L i : . R K e : P R SIS hole € , D el o N
oo « \3 R . . e . f - . N P . ceat, L . R - N A . N - . . . .
- . ..\
T 5
A | )<
i - .‘.:,{—u
e s
R <374
o R ‘2 .
B N ¥
CORRREE
L
. 4‘. A
“ .v,.':t&'.‘_tf
e S8
. i .t
EEER o
‘A _4]‘-'
: 2
SRy Y

Foa
DAY,

THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY
FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE LEGIBLY.




- v % . - - . Lt . T : - . e
a z 'l , . . . Lo R - — L
. . P L. A N b A 3 - oo , i -
. - . " Lo . A R - R
P . o . - 4 . i . . . Lo .
X ° . . . v . . . . Ca s . - Yoee .
L . ° » o ” e C LI LV R s PP . B I
. . . . . " . . e “ Yo . Lt e T . RN - L . -

. i 3 . | . . .

TABLE OF CONTENTS

SUMMARY o ¢ ¢ o ¢ o o ¢ o &

L]
>
®
L]
-
*
.
L ]
L ]
L
*
[ ]
L]

INTRODUCTICN « & & ¢ o & &
Jackgrourd . . . . .
Prograa Cbizctives .,
Tecin{cal Approach .

e & J »
¢ o o @
* . L] [
® - o L]
® & o o
L ] L J L] L J
[ ] * L] -
e & & o
e & & o
*® & o o
.« 0 e o
*a & & o
. [ ] * *

LITERATURE SULRVEY . « « « &
Survey Resuits . . . .
Extent of Problem
Mechanics of Blistering
Suspected Cause of Bliste
Resin Factors . , .
Reinforcement Factor
Formulatfon Factors
Fabrication Factors
Fabricatfon . . .
Acceleratod Testing . « « . &

VO ~Nounwum - E

- L] - [

ing

e & ® ¢ (A e "Je 2 o »
® o o & o e e o o o
o o & o & & o o o o »
2 o & & 0 s & s © &
¢ & o o % ¢ 6 o o & »
® o o & © & o & e 5 »
e o & o & & o s & o o
@ & & o ¢ o & & o o
® o o o o ¢ o o o 2 o
& & 6 o & o o o & o o
8 ®» & & © & & 0 o ¢ o
e o & o & ¢ o o 0 3

L . L J *® * L

SAMPLE ANALYSIS 4 & ¢ 4 ¢ ¢ ¢ o o @
Sample Preparation , . . , . .
Differential Scanning Calorilotry
Dsc Rasu‘ts L] ] L) [ ] L g . L * L] ] L]
Thermogravimetric Analysis .

TGA Testing Results ., .

Thermomechanical Analysis . .

TMA Results ., . . . .
Sel1 Permestion Chromotography
GPC Results . . . . . .

*
L]
L4
[}
[}
L]
.
]
Ld
L]

» L ] L L d [ 3 L] - L] - [
s & & & e & & & s »
L d - * - - * L] . -
[] ® * ¢ L] L Z * L] [ ] L
® & & & & & & & o o
» L] - L ] * L ] L] » [ ] Ll
- L] » * * . L] L d . *
* * . - - - L J - [ ] L
* L] L - L ] . » - L .

L4 L] [ - . [ ] L] L] » *

APPENDIX A
Appendix A, ROPaITr o &« ¢ 4 o o ¢ o o &
APPENDIX B
Appendix B. Sample Analysis Data . . .
APPENDIX C
Appondix Literature . . . + « + o &
APPERDIX D
Appendix Bibliography « o ¢« ¢« ¢ o o«

89 11 06 039




TABLE OF CONTENTS
(Continued)

LIST OF TABLES

Key Word List . . .

DSC Operating Conditions
TGA Test Conditions .
TMA Operating Conditions
GPC Operating Conditions

LIST OF FIGURES

Figure 1. DSC Example Trace . . « « +

Rl auue 22 SO

Actesion r T

oot e . PR S
NTIS e Q ]
DT TJ 3
Unu:':;;.-' Y .

Ju L

e s ——




e A B - Cd B R - ) - &
" * < ’ . . . . . . v -y R . - .
. K < . L B A . N . EEE - PR - - e, - P
. . . N . . A . . - - L . K : ST
| R S WM N o s G s s 2 o ¥ g e S ap s A Ee -

FIBERGLASS MATERIAL
SPECIFICATION TEST SUPPORT

by

P. E. Bafley, B. Mayo, E, J. Bradbury,

SUMMARY

" "Battelle has conducted a preliminary investigation for the

‘U.S. Coast Guard to establish an {nformatior baseline {nto

possible causes for the blistering of gel coat laminates on
boats. e - _ o o -~ .

To accomplish this task, Battelle divided the program 1nfa
two parts: a computer-afded l1{iterature survey and sample
analysis.,

The purpose of the literature survey was threefold: {1)
{dentify the extent of the problem, (2) determine what othor
research has been done in the past; and (3) determine {f any
tnformatton exists from other flelds of tnterest that may relate
to the blistering probles.

The purpose of the sample analysis task was to confirm or
refute Information found In the Yiterature survey and to aid
Battelle in forming hypotheses on the causes of bltstering,

The 1{terature survey covered six data bases betwoen the
years 1980-1985, A total of 246 abstracts were reviewed and 38
articles wvere selected for full reviev.

For purposes of discussifon in this report, survey results
have been divided into four areas: (1) extent of problem; (2)
aechanics of blister formation, (3) suspected causes of blister-
fng, and (4) accelerate tosting.

According to the li{terature, estimates on the extent of the
problem vary with the source, but for boats that spend most of
their time 1n the water, estimates are as high as 20-48%, Never
boats appear to have a greater incidence of blistering and some
estimates state that 80% of 411 boats now being built using glass




reifnforced polyester will eventually experience some degree of
bitstering.

———> It appears to be generally agreed that osmosis (diffusfon)
is the predominant mechanism for the onset of blister formation,
but 11ttle agreement {s found beyond that. The suspected causes
of osmosis are reported to be caused by either physical or
chemical debonding between the laminates or between the gel coat
and the laminate. In physical debonding, water permeates through
“the gel coat into an {interface, At some point, an oswmotfc
gradient {is set up and more water {is pulled into the area which
will eventually form a bltister, It was also found that chemical
debonding may be caused by hydrolysis (B‘oaking a chemical bond
and adding water) of the glass at an {interface; thereby breaking
the chemfcal bonds and setting up an osnotic'c@]l:ljgjj;53céi

It 1s apparent that there is probably no Single cause of
btistering. Groups who have studied blister formation are
divided between those who say there {s a problem with the
materials used or the formulation of the resin, and those who say
that the problems stem from faulty fabricatfon techniques, In
reality, blistering may well result from either,or a combination
of both, Literature on the céuses of blistering could be
logtcally divided into four areas (resin, rei{nforcement, formuli-
tion, and fabricatfon) and this organfzation {s carried into the
present report.

Early blistering in the 1{fe of a boat 1! ¢c often
attributed to the shortcomings of the gel coat. It is held that
gel coat blistering occurs at a rate directly dependent on the
permeability of the gel coat to water. The suggested solution 1s
to select a gel coat with known mintmum vater permeability.
Another reported cause was the presence of excess glycol in the
resin, This permits the polysster to Lecome more permeable to
vater as well as furnishing a solute (dissolved substance) to
promote osmosis,
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Several groups have previously studied both binders and
reinforcement factors. A common binder used in emulsion=bonded
mats is polyvinyl acetate. This compound can hydrolyze to form
acetic acid, which has bsen detected in fluid taken from bif{sters
in thts type of mat. Other studfes {ndicate that using a glass
more resistant to hydroiysis reduces bliistering.

Several studifes have been conducted on the effect of
changing catalysts and concentration in resins during fabrica-

“tion. Catalyst and acceolerator residues have been found f{n

blister flufds. Since most can be converted to wvater-soluble
materfals and do not become an {ntegral part of the matrix,
these can also contribute to the problem of oseosis.

Many groups hold the opinfon that the blister problem has
its roots in the fabrication processes. As evidence, they point
out the fact that bitstering is fatrly random,

Tho U.S. Coast Guard provided Battelle with two blistered
samples from the same fiberglass boat. Therefore, 1t {s posstible
to drav conclusfons pertaining to the spectific fiberglass
reinforced polyester marine laminate examined, but this informa~
tion may not be generally applied until more samples can be
anaiyzed. Battelle conducted four analytical tests on these
sanples:

] Differential Scanning Calorimetry (DSC)

] Thermomechanical Analysis (THA)

) Thermogravimetric Analysis (TGA)

° Gel Permsation Chromatography (GPC).

A1l data obtained from these studies support the general
conclustion that the two blistered samples provided by the USCG
were undercured.

DSC data obtatned from 12 samples (representing the two
blistered hull arcas) consistently exhibited endothermal rea-
tions. These reactions are believed to represent a continuvation




of the curing process, thus {dentifying the probable cause of
biistering of these samples as undercuring.

IGA_data offer direct evidence of non-homogeneity of the
blistered samples. Glass fiber content varfed 20 percant between
bow and stern samples suggesting poor glass dispersfon. Low
temperature volatiles, presumably water, varied significantly.
A1l gel coat samples contained up to 0.3 percent vater.

IMA data support the contention that the samples are not
homogeneous in naturs, thus pointing to varfabilfty in fabrica-
tfon and cure., Non-homogeneity will cause concerns beyond
cosmetic problems and may ultimately result in loss of structural
integrity.

GEC _data fndicate a partially reacted system because of the
presence of high molecular weight species, probably unreacted
ol {gomer,

Besed on information obtatned from the literature and the
1imitad data obtathed frow two blistered samples, it can be
concluas thit the basic mechanism assocfated with blistering is
osmosis or diffusiva. Battelle researchers also belfeve that:

(1) The FRP blistering prodblem {s undoudbtedly due
to one or more of the factors whizh Influence
the quality, compositfon, and construction of
the composite

Naterials specifications and quality contro)
procedures to minimtze introduction of
non-reactive (osmosis promoting) components
ifnto resin formulatfons need to be estab-
1i1shad or promoted

Procedures need to be sstablished or promoted
to provide conttinuous monitoring of resin
rormulations and production variances. This
could be visual (color based) or recsrded
flov rates with out-of-ratio alarms.




Precautions should be promoted to eliminate
fabrication practices which adversely affect
construction quality (such as uncoordinated
spray of either cataiyst or resin on con-
structfon or contact of catalyst with glass
instead of mixing with resin),

Drawing upon the {information obtained froe conducting this
study, the Battelle research team offers the following recommen-
dations to pursue the resolutfen of the blistering probleam,

(1) Conduct a parametric cure giid to determine
the critical factors associated with blister~
tng. This would elucidate the factors and
interrelationship of factors most responsible
for deficient interlaminar cures, Factors
should include all formulation variables,
time, temperature, and humfdity, processing
variables, etc.

gEstablish a fadbrication quality control
procedure coordinated to the actual construce~
tion. This could be smsll reference panels
nade tn parallel with actual constructton.
These could be used for vartfous property
determinating efther as fabricated or
historically.

Conduct unbiased on-site observations of
matertals handling, quality control, and boat
construction to evaluate potential for
formulation/fabrication varfances,

Provide additional blfster samdles for cure
deterninations 1f the USCG desfres to
confirm data cited in this report which are
based on very limited observations. This
would also provide a much-needed datas base
for the GRP=blistering problems,

INTRODUCTION
Gackground

The blistering of gel ccat laminates on boats and other
composite products exposed to water has been observed for a nusber
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of years. Blistering has been found to occur under various condi-
tions, with different resin systems and composite materials,
different catalysts, cure mechanisezs and schedules. A great number
of hypotheses have been proposed to explain blister formation;
hovever, experimental data and veri{fication have not been definitely
correlated and evaluated.

Battelle submitted a three-phase proposal addressing fiberglass
 blistering to the U.S. Coast Guard {in the fall of 1984, This
proposal was designed to:

(1) Establish a sound base by information acquisition

(2) Conduct wminimum laboratory sevaluatfons which
vould fnvolve key experiments to ansver and
resolve questions {involving bit{ster forma-
tion, fdentification, and correction

Conduct field testing which would {nclude
implementation of quality control procedures.

The U.S, Coast Guard expanded the scope of the program snd
authorized a preliminary fnvestigation directed tovard ultimately
determining 1f blistering of the gel coat causes structural proolems
or just cosmetic problems. This report addresses the preliminary
program just coampleied.

The objectives of this program are (1) to investigate the
fnfluence of gel coat, cure sechanism, and extent of cure on the
tendency of the bort hull to blister and (2) to obtsin and examine
relevant information which may provide a basis for a practical
quality control standard which could be used by the U.S. Coast
Guard.
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Technical Approach

To accomplish these objectives, the program vas subdivided
fnto two tasks:

® Literature search

e Sample analysis.,

The purpose of the literature survey was threefold: (1)

{dantify the extent of the problem; (2) determine what other

research has been done in the past; and (3) determine {f any
{nformation exists from other fields of {interest that may relate
to this problen,

The purpose of the sample analysis task vas to confiram or
refute Information found in the literature survey and to aid
Battelle $n forming hypotheses on the causes of blistering.

The Coast Guard provided Battelle with two core samples for
analysis which were cut from one blistered filberglass boat hull,
From the inforaation gathered from these two tasks, Battelle was to
1dentify probable vartables that may impact on the dlistering
problem and {dentify, {f possible, effective repair and prevention
techniques,

The Ytterature survey was conducted using key words selected

by Battelle's research tesm, with the atd of the Battelle librartan,
The computer-aided search inciuded six data bases:

Engineering Meetings

Engineering Index

Chemical Abstracts

U.S. Patents

World Patents

NTIS.




Key words were divided into two groups. Group A was used to
1dentify the ftelids and Group B was used to narrow the fields by
comparing Group B against Group A and selecting those abstracts
that responds to both groups (Table 1).

TABLE 1. KEY WORD LIST

Group A Group B

osmosis fiberglass
perseation marine
bifster{s)(ing) boat{s}{1ing)
osmotic pressure(s) gel coat(s)
vater diffusion ] polyester glass
polyester
re{aforced plastic(s)
laminate(s)

The comparison of key words--Group B against Group A--geneérated
2456 responses for the period between 1980~1985, The survey was
Itaited to these ysars {n order to avoid redundant and outdated
information and to keep the number of responses to a managesbdle
level, The abdstracts of these articles vere reviewed and 38
articles were selected for full reviev, Of these articlies, 33 were
found to be of value, and & of the most {nformative are included 1n
Appendix C. A complete Yist of titles revieved and used in the
report are provided in Appendix D and coptes of all the articles are
being provided under separate cover.

Survey Results

For purposes of discussion, survey results have been divided
into four areas: (1) extent of problem; (2) mechanics of blister




formation, (3) suspected causes of blistering, and (4) accelerated
testing. Suspected causes are further divided into four groupings:
(1) resin factoré; (2) reinforcement factors; (3) formulation
factors; and (4) fabrication. A final section addresses accelerated
testing. A logical repafr procedure {s cited by Myhre(ZZ) and
Oiford(ZS) and this {s reproduced in Appendix A of this report,

Extent of Problem

Estinates on the extent of the probliem vary with the source,
but for boats which spend most of their time in the water, one
domestic source states that blistering affects 20-48!.(8) Another
source indicates that {ndustry figures show an {ncidence of blister~
{ng fn 10% of boats now being bu11t.(8) Boats which are removed
from water after use or removed seasonally appear to be affected
less; reportedly betwoen 0.5 and 53. Newer boats seem to have a
greater {ncidence of blistering and one report states that 80% of

b"a11 boats using glass reinforced polyesters (GRP) wili aventually

~experionce some degree of blistering.(8)

Osmosis (diffusion through a somi-permeable membrane) fis

. thought to be the predominant mechanism for the onset of blister

tormatfon, although capiliarity in conjunction with diffusfon may
b equaily f{nvolved. This was demonstrated fn a study where test
pgnets vore'dapod with soluble salts. The doped panels showed
graatly =2cqelsrated biistering whan subjected to {mmersion n fresh

- water. Immevrsfon in 3 saturatad salt solution appeared to inhibit

blfster formaticn as would be expected 1f csmosis were the wechanism
of lttack.ils, Since virtually all polyesters &re permsable to
vater, it appears that water diffuses ‘irough the gel coat into an
interface, efther batween the laminates or between the gel coat and
laminata. Soluble material may be encountered at the {nterface, or
carried there by the water. At some point, an osmotic gradient {s
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set up and more water i{s pulled into the area which will eventually
form a blister. (3,25) The biister first appears a: a plane of
dclanination.(7) .As more water {s pulled in, tie dolamination
continues and osmotic pressure within the delaminated area causes
8 blister to form. Some of these blisters have an {nternal pressurs
of 5§ to & atnospheres.(zs’ Kinetic studies have shown this to be
sufficient pressure tc cause separatfon between lauinatos.(zg)

It i{s generally acceptei that freshwater glass reinforced
plastics (GRP) boats have mora serfous problems with blistering than
their saltwater counterparts; but 2 survey of GRP boat owners,
conducted by "The Practical Sailor®, {ndi{cated that those boats
which were sailed 1n saltwater had more probions.(ZG) It 1s thought
that this s because wmost recrcational boaters in freshwater areas
drydock their boats during the winter months,

It has been observed(lﬁ) that never boats seem to have a
greater problem with blistering than many oider ones., At least one
report attributes this to modern spray-up techniques which have
replaced the "bucket and brush™ wmethod of laminate lay-up. These
gpray~up techniques can reportedly cause non-uniform delivery
and/or mixing of catalyst. Local concentrations of water-soiuble
catalyst will cause debonding at that site and lead to the formation
of an csmotic cell as water diffuses into the site. (16) This 1s an
exarple of physicai desbonding. If this were the sole reason for ose
wosis, 1t would seem that once a solute wvas diluted, bliister growth
vould stop. However, there appears to be & chemical reacttion which
accelerates blistor formation by furnishing more solute to keep the
osmotic cell going. Another report states that the debonding pro-
cess occurs when svelling of the polymer, due to water absorption,
exceeds the shrinkage due to cross-linking. This causes localized
stresses which combine to physicaily breuk the bond botween glass
and rosin.(17)

Seveéral of the reports revieved state that the onset of
bltstering 1s due to chemical dsbondiag between the resin and glass
fiber, (207218:25.300  pp0g cou1d be due to hydrolysis of the glass,
stzing, or resin.
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During hydrolysis of the glass, water reacts with catfons in
the fibers producing hydroxyl fons. The concentratior of hydroxyl
fons will slowly {ncrease to a concentration which will begin
degradation of more fibers.(le) The blisters often contain slightly
actdic flu1d.®'25) The actd probably arises from the breakdown of
poiyvinyl acetate to acetic acid and the oxidation of styrene to
benzoic acid. The ester 1inkages of the resins are also vulnerable
to hydrolysis.,

suspected Cause of Blistering

There 15 probably no single cause of biistering. Groups who
are studying tlister formatfon are divided between those who say
there {s a problem in.<the materfals used or the formulation of
the resing'3*7010015-200 v srose who say that the problems stem
froem faulty fabrication tochniqoos.(9'13’16’18'20'25) In reality,
blistaring may well result from any single factor or any cowmbination
therecf. Four areas sncountered in the literature (resin. reinforce-
went, formulation, fabrication) are discussed below,

Resin Factors. Several sources attridbute early blister
formation to shortcomings of the gel coat,(3°23:25) 14 (g pard that
gel coat blistering occurs at a rate dependent on perneability
of the ge) coat and suggests that the gel coat should be of minfmum
permeability. 117 Most who address the 1ssue agree that fsophthalic
neopentyl glycol gel coats provide superior protection. These
rasins have a reduced accessability to the ester l1inkage due to
stearic hindrance and are wmore fatigue rasistant than orthophthalic
rosins.‘a) Al3o, fsophthalics with o higher heat distortion
temperiature performed bstier, but this may ve a manifestation which
occurs only 1n accelerated testing In heated water, Pigmented
gel coats vwore generally inferfor and wil:) be discussed in more
deatafl later.
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Arother factor commonly reported as a cause of blistering is an
excass oY glycol in the rosin.(s'g) This makes the polyester more
perneadie to water as vel]l as furnishing a solute to promote
nsmesise This was demonstrated {n several cases by purpesely adding
8 slight e:cess of glycol to aither the gel coat or the laminating
resfn. In each case, the eoxtra glycol (which does not enter into
the curing reaction) appeared to dramatically reduce the time to the
ons~t >f !l1istering and also gave rise to larger biisters. 1In one
"case, the water in which the laminate was soaked was analyzed and
traces of glycol were detected, as well as {sophthalic and ortho-
phthalfc acids from the gel co.t and laminating resins.

Rein‘orcemext Factors. Seveoral groups have compared the use of
emuistion-bonded chopﬁac-strand nats (CSM) with powder-bonded

csM, 6220015523020 1 4pe cave of emulsfon-bonded mats, the
binders are usually nclyvinyl acetate., This compound will hydrolyze
slewly to form acetic acid, shich hes bean detected in bltster fluid
taken from Taminitess made with this type of mat. The powder binders
are usually bisphenol polyester and are hydrolytically more
stab\e.(xs’ Ons report savs that the emuls‘on~bonded mat Tunce
2ioned as well as the powder=-bonded aat whan an fsophthalic-laminat-
{ng rosin and an isophthalicensopcntyl glycol gel coat were uied.
This 1s an {mpartent factor from the standpoint of the ranufacturer,
because the powder-bonded mats cre much harder to work with, It {s
sore difffcult ¢5 work afr bubbles out cf powder-bonded laminates.
In one study, vafilled and glass-fiileC iaminates vere careful-
1y weighed and then soaked {n water., There wias a definite welight
reduction in the glasa=f1110d mctertal with nv corresponding change
in the unfilled wmaterfal. This strongly suggests that there wis
some leaching from the glass or coupling agont.(l7) Atoms: absorp-
tion measurements of blister flufds veveal a large concentration of
calcium and smaller concentretions ¢f fron and 2zinc. Presumably,
these fons vere leached from the glass oy uator.‘ls, These results
show the need for a fiber that is vater and corrosion resistant,
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" The WEr-glass® fiber {(electrical grade) is most often used, but

the ®S¥ type (steel grade) {1s more water resistant and f{s
suggoested as a substitute.

In several cases a resin-rich glass veil or woven-roving mat
was applied between the gel coat and laminate, This layer was
not hard rolled to leave a resin-rich barrier., This {ncreased
bltster resistance in 211 laminates, regardless of glass type,
resin, or cataliyst used, (15223:24,25)

Nhen studies were made of the bonds at the glass/resin

_interface, a degree of stress was found. The bonds are covalent

betveern the coupling agent and the sfilanol groups on the glass.
The coupling agent dbonds to the resin during curing. It was
found that nearly all of these bonds were broken when subjected
to botling uater.(17'28) It 1s suggested that the {incorporation
of vinyl groups to the coupling agent will {mprove bonding and
hence, {mprove water resistance,

Eormuletion Factors. Several studies have been conducted

on the effect of changing catalysts and catalyst concentration in
resins, 11+12:15,23,24) Catalyst and accelerator residues have
been found fn bltster fluids. Since most can be converted to
vater~soiuble materfals and do not become an integral part of
the matrix, they can contribute to the problem of osmosis.
Ccbalt has been found in high concentrations in blfster fluids in
Taminates wvhere it was used as a promoter. This 1s most obvious
vhen the laminate is {in contact with chlorinated water, as 1in
pools and spas., The cobalt n the blister will create a dark
stain,

Some reports {ndicate that decreasing the catalyst and
{ncreasing the promoter concentration, to hold the same gel time,
vi11 reduce the possibility of blisterfng and give the sane
degres of cure, (12015:25)  yoitner report states furthar that a
coamon practice among laminators s to add extra catalyst to
spoed the cure time., This can cause overcure and lead to
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cracking. Another report says that i{ncreasing the catalyst alone
will give a faster cure without overcuring. This report cautions
ageinst ovorpronotion.(ll) Yet another report says that varying
catalyst and promoter concentrations have no effect on the
blistering rato.(z‘) Since most resins are now sold in a
preaccelerated form, it was suggested that tests should be
conduzted on each batch of resin to determine the optimal
catalyst content to achfeve the desired cure for the given mold
"shop conditions.‘zS) Nearly all reports state that carefully
following the manufacturer's recommendations {5 best,

Studies were made of the effects of other additives, such as
pigments, thickeners, and fire retardants,(0°10,12:23,258) .
each case, these additives accelerated blistering dramatically.
One group was able to use a white gel! coat because the pigment
vas dispersed fn the resin and not in a lYov molecuiar weight
cerrier., The laminstes prepared from this resin performed as
wéll as those made with clear resin,

Eahrication Factors. There are many groups that held the
opinion that the blistering problem has {ts roots in the fabrica~

tion procossos.(9'13’16’18'20’25’ etc.) As evidence they point
out the fac* that dlistering is Fairly random. If the prodbles
were dus orly to the materials used, the dlistering would be more
general and regularly spaced.

It has beeon suggested that the uvse of wax ®old release
agents produces a jess pocrmeable gel ccat.(lo’lg) Another
commonly used release agent fs agqueons polyvinyl acetate. It may
be that the watsr in this {c evaporating through the Vaminate and
fnterfering with the cure.

One report claims thet the primary cause of blistering f{s
undissolved methyl sthyl ketone peroxide in the gel colt.(lﬁ’ As
evidence, 1t vas peinted out that there are many boats which are
20+ years ©01d made of orthophthalic resins that show no gel coat
biistering. Amoco is the only domestic producer of tsophthalic
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acid and this report contends that they may not be able to
produce snough to.meet the demand for all boats presently being
nanufacturod.(ls)

Many newer boats are showing signs of blistering very early
fn their l{ves, due perhaps to {improper spray techniques. It has
becomc standard practice to press the first stege of the gun
trigger of the spray unit to be sure that catalyst {s being
delivered. This causes local concentrations of catalyst in the

‘molds as do leaking lines and worn seals. This can result {n
fmproperiy catalyzed resin systems. Colored catalysts and resins

containing catalyst-sensitive dyes have been developed so these
problems can be visually detected. When a problem is detected,
the leak {s usually fixed and the drops of pure catalyst ¢n the
mold are simply covered by the next layer of laminate. To
research this, the content of some blisters was analyzed oy gas
chromatography and a high level of dimethyl! phthalate (DMP) was
found, DNP 1s a carrier for most commerctial HEKP catalysts.
Although DMP {15 relatively {nsoluble in water, & pocket of it
would be a probable site of delamination and subsequent blister=
{ng.

Another point raised in this roporttlﬁ) {s that the catalyst
ts often sprayed at an angle such that it contacts the glass
before it contacts and mixes with the resin stream., Toasts have
shown that catalyst applifed fn this wmanner cannot be displaced
from the glass by rolling. Accordingly, the resi{n system may be
undercatalyzed as vell as catalyst-coated glass becoming a
potenttal site for blifstering. The author of this report
suggests thc use of a two-pot resin spraying system where the
resin 1s divided iInto two parts, one containing benzoyl peroxide
as the catalyst, and the other containing N,N-dimethyl aniline.
The twoe a::¢ures are sent through separate sprayers {in a manner
that cav,9s the two sprays to impinge on each other., The author
of the report notes there are very few companies employing this
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technique, but he is not aware of any problems with biistering in
their boats,

Mold shcp temperature 1s very i{mportant. Temperatures below
64°F (18°C) will cause high viscosity, afir bubbles (especially
with spray application), and uneven thickness during applica-
tion.‘ls, Gelation is delayed by low temperatures, so the
evaporation of styrenc can be excessive, and this can lead to an

unsatisfactory curo.(14’ Afr drafts must be eliminated to insure

'a uniform cure., The relative humidity must be controlled and
kept Tow. Mixing of the constituents must be done carefully to
avoid air bubbles while at the same time assuring a good
lix.(ls’ Care pust Le taken to koep air bubdles, dust, and
mofsture out of the 1ay9rs of llntnato.(ISJ One ply at a time
should be applied but, to insure adhesfon, the previous dly
should be in the correct state of curo.‘lS) Reportedly, 1t is
common practice to pre~wet two or three mats on a bench and lay
them into the mold together, applyfng more resin as they are
betng rolied out.(ZS) It is very easy to introduce large bubtbles
between the layers and very difficult to work them out. Often,
larger bubbles are simply broken 1nto wany smaller ones. Each
laminate layer should be fully wetted with all atr pockets worked
out. Afr bubbles can be particularly troudlesome. Besides
weakening the laminate, bubbles furnish & void where absorbded
water can gather., This hastens deeper penetration of the
laminate and possible problems later. The time between solidifi-
cation of the gel coat and the application of the first layer of
Taminate s critical, Afr exposure results in a tacky surface,
This 1s due to incomplete cure of the resin surface brought about
by fanhibition of the cross~1inking reaction by oxygon.(ls’

Several other reports suggest {ncomplete cure of the resin
as a principle cause of blistorinn.(l"ls'z"zs) This problem
could be caused by low temperature or high humidity in the mold
shop, incorrect catalyst content, or poor postcure condition, to
name only a few,
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In studfes comparing resins with different reactivities, it
vas found that curing at room temperature had no effect on
blister resistance, Curing at elevated temperatures, however,
stiffened the laminates using more reactive resins and reduced
the tensile elongation to failuro.(24) This {s presumably
because higher cure temperatures promote cross-linking. This is
very {mportant to the manufacturer as most polyester laminates
are ordered according to stiffoess criterifa. Too much heat can

"cause overcure resulting in brittleness and cracking. As

wentfoned previously, cracking can hasten water absorptfon,

Postcure {s nearly as {mportant as the initial cure. Often,
8 boat 1s removed from the curing area to a postcure area or aven
outside where there s no atmospheric control. This can have a
deleterious effect., 1If the boat were cured at an elevated
temperzture, it must be cooled very slowly to minimize internal
stresses vhich can lead to cracking. One report suggests
postcuring at room temperature for as long as six wveeks before
applying patnt.‘zs)

In many ceses, blisiered areas coinctded with areaz which
had lov Barcol hardness readings (less than 30),19:28) gy
indicates {ncomplete cure, It has been suggested that Barco)
Pardness tests be performed on finished boats to determine {f
there 1s a danger of blistering., The measured hardnass should be
at least 90% of the manufacture's recommendstfons. Also, solvent
swabbed on the suvrface thould cause no tackiness. MHethyl ethyl
ketone should be used for examining epoxy and acetone for
polyestors., These tests will give no absolute weasurement of a
boat's chances for developing blisters, but probably can be used
to differentiate batween a good and bad cure,

Eabrication. One report states that using the same resin
systea in the gel coat as in the laminate helped performance by
alleviating fnterlaminar problols.(z" This would have a
positive result on Dlister resistanco, since most blisters occur
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at an interface. This report states that both the gel coat and
the laminating resin should be fafrly flexible (2-6% tensile
elongation to faflure) but not at the expense of chemical or
hydrolytic resistance. This would reduce the incidence of
cracking and thereby slov water permeability,

Thixotropy of the resins {s {important to prevent thinning
and puddiing in the molds. One study was made to try to optimtze
thixotropic properties.(lz’ For hydrolytic stabtlity, the
.molecular weight should be high and the acid number low.
Hovever, the viscosity {ncreases with the molecular veight, so
viscosity, acid number, and molecular weight must be carefully
balanced for ease in spray application. Using fumed silica as a
thickener, it was found that the best compromise was reached at a
Gardner-Moldt viscosity of T at 608 nonvolatile material and an
acid number below 20,

When pafnting boat hulls, two-pack epoxfes and the tvo-pack
polyurethanes appear to wvork best.(ls’zs’ These paints are good
vater barrfers and gfve excellent weather resi{stance. Etch
primers should never be used, nor should patint removers be used
whoen repainting. Any paint removal should be done by carefuls
1y sanding with about 200 grit abrasive to a matte finish.
Primer should then be upplfed: followed by alternating colors of
paint to assure good coverage. For epoxies, the final thickness
should be at least 6 mils (0,25 mm). For polyurethanes, the
final thickness should be at least 2.5 wils (0.1 mm). Inside
surfaces should be pafnted also, especially in the bilges,

The gel coat should be continued to vell above the wvater
1i{ne. The thickness of gel coat 1s considered the most faportant
key to blfster resistance in one report. About 108 shrinkago
during cure should be expected when desfgning a final dry
thickness of adout 12-15 mfls (0.5«0.56 mm)., Use of & wet film
geuge is advocated. Constant thickness 1s also very {mportant, A
thicker gel coat will reduce the chance of "wicking® or capfl-
larity along stray fibers that may protrude {nto the gel coat
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from the underlying laminate. This {is 2 valid concern since it
is suspected that sone of the blfsters analyzed in the fleld were
probably caused by this type of mechanism., These blisters are
elongated and have a fiber or bundls of fibers in their center,
These blisters 1n partfcular can provide an avenue for deeper
penetration of the laminate by water., Many groups advocate the
tse of epoxy=-based gel coats.(s’l"IS) They are much less
permeable (as much as 500 times less), less susceptible to

"hydrolysis, and contain no glycoel. Epoxies do, however, contain

small amounts of water-soluble anhydrides and dicyandiamides as
curing agents, After prolonged perfods of water sxposurc, they
are able to absorb more water than polyesters, but much of the
wvater appears to be bound to polar groups in the matrix. Epoxy
coated laminates soeem tb be less prone to “wicking®. They are
a1so tougher and not as 1ikely to crack.

As with the gel coat, the general consensus s that fsoph-
thalics are the resins of chofce for laminating restns, (309019
Since all polyesters are eventually going to be permeated (f left
fn contact with water, it is obvious that the laminating resin
aust have hydrolytic stability also.

One report suggests that using & laminating reséns which s
more permeable than the gel coat would reduce the chance ¢of wvater
bufldup at the interfaces. It also suggests usfing a high
solecular weight, low acid number resin which is easter to
achieve with an fsophthalic restn. *3) As with the ge1 coat, a
lov glycol content {s preferable,

Accelerated Testing

There {s some disagreement with regard to hou a laminate
should be tested. Some researchers have trfed to develop
accolerated test methods. The most commonly used accelerated
toest {s done in a "turtle box™ which is a large, square tank
covered with round ports & few {aches in diameter, Test panels
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are held tightly against thess ports and hot water is placed in
the tank so that one s{de of the test panels is {n contact with
the hoated water. There 1s considerable disagreement cver the
correct water temperature to use in this test. Some use boiling
water, some use 150°F (659C) water, and some u.e 104°F (40°C)
water,

The use of hot wvater does accelerate the blistering process
many times, probably because of a softening of the gel coat.‘zs,

However, 1t {s not possible to correlate results for different

. rosins.‘B) Each resin has {ts own characterfistic glass transition
temperature (¥g) and 1ts own heat distortion temperature (HDT),
among many other temperature dependent characteristics. This can be
critical when the laminating and gel coat resins are different
types. One report contgnds that the boiling water test {s not valid
because results correlate only half of the time and blifsters appear
to be heat-stress related and not hydrolysis rolatod.(lz) Another
source says delamination of samples tested in hot water vas due to
swelling fn the polymer or hydrolytic scissfon of esters., This
source contended that delamination occurred at a viater adbserption
Tevel specific for each resin and that there would not have been any
effoct at smbient tewperatures and lover w&ter cbsorption.(ls)

0f course, scme method of accelerated testing ts needed to
get resuits fn a realistic time frame, A3 a gensral rule, most
chemica;, reactions will double in rate for every 107F (4°C) in-
crease, so tasting for blister resistance at an slevated temperature
can give results much faster (estimated at 5-6 times as fast for
40°C water). However, as the test temperature rises, accuracy and
relfadility are sacrificed.

Lloyd's Registry of Shipping has made some recommendations to
help deal with the prodlem of dlistering., These {nclude:

- Assoemble and collate al) research and test
results related to bdlistering.
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- Subsidize fundamental research projects in
the area of blistering.

- Rapidly fincorporate new fabrication tech~-
nfques intc {ndustry.

- Close cooperation betvween researchers, raw
materials manufacturers, and builders as
necdad.

One final point rafsed {s the {ssue of educating the lami-
nator.(la) Toco often {n the United States, he s an unskilled
laborer. In Europe, boat lYaminators are generally older and more
skillad at their Jjobs and are considered to be skilled laborers.
Also, much of the tinformation which has been made available by
researchers has not been'used by {andustry. The reason msost often
cited s cost.

SAMELE ANALYS1S

In the early stages of the research program, the U.S. Coest
Guard indfcated that samples would be difftcult to obtein since
1t would require cutting a hole into the core mat of the boats
and most owhers did not vant to have this done, For this reason,
only two samples were obtained from a single boat. Therefore, it
is posstible to draw conclusions pertatining to the fiberglass
reinforced polyester marine laminate examined, but this {nforms~
tion may not de generally applied until more samples can be
atalyzed,

The two-inch-dilameter samplos, as stated, were taken from
tho same craft--one from the bov and one from the stern. When
the samples were taskon, both conitatned Dlisters; hovever, when
they reached Battelle, the samples had dried and no dlisters were
evident.

Battelle conducted four analytical tests on these samples:
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Differential Scanning Calorimetry
Thermomechanical Analysis
Thermogravimetric Analysis

Gel Permeatfon Chromatography.

Sample Preparation

From the core samples, 5/16-inch-diameter plugs were cut;
_then the plugs were cut into halves, interfor and exterior.
Samples were then prepared by cutting slices from the plugs Just
below the surface of the interior or exterior vall,

Rifferential Scanning Calorimetry

Differential scannthg calorimetry (DSC) ts a method used to
measure any transition that the sample undergoes resuylting in the
1ideration or absorption of energy. In the event thst a transi-
tion occurs, thermal energy is added to, or subtracted from the
sample 1n order to matntain the sample at the same temperature,
Because this energy fnput s precisely equivalent in magnitude to
the anergy absorbed or evolved {rn the particular transition, a
recording of this balancing enargy yfelds a direct calorimetric
measurement of the transitfon energy. For example, if a sample
vere to change in state or undergo an endothermic reaction, the
DSC trace might Yook like Figure 1, trace number ®"A%, If the
transition vere an endothersic reaction anc¢ 1t was only partially
reacted, a seccend scan could de conducted and 1t would Yook
something like scan *B", Eventually, if the sample were heated
enough times, the reacti>n vould be exhausted and a 1008 cure s
said to have taken place.
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A = undercured

FIGURE 1. DSC EXAMPLE TRACE
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Battelle useq the following cenditions 1isted in Table 2 to
conduct the USC tests,

TABLE 2. DSC OPERATING CONDITIONS

Temporature Scan Range 25-150 C

Heat Rate 10 C/min

Sampile Size 15 mg

Flow Rate 30 cc/min

Sample Pan ~ Aluminum, covered
Atmosphere Nitrogen

The DSC traces of the four samples:

¢ finterior bow

¢ extarfor bow

e f{interfor stern

o extericr stern
are located {n Appendix B, pages B-1 through B-12, Three roplicates
of each sample wore run and are designated by an ™A%, ®"B%, or %(C%
after each sample name and number.

Q5SC Resulis

In a typical DSC trace, & constant slope baselfne would
indicate a cured laninate system., Because this test {s dynamic, it
is not posstble to deternine analytically the extent of reaction of
the "as roceived” laminates, It 15 only possible to say that in no
case vas 2 sample studfed that was fully reacted. In the case of a
tvo-stage cross-linked polyester resin, an fdeal DSC experiment
would yleld a stratght 1ine with only a small deviation 1n 3lope at
the glass transitfon point (Tg) prior to reaching degradation. If
& sample has not been fully cured, however, 2 noticeable peak would
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occur corresponding to the energy needed to more fully cure the
systen. Such a peak was found fn all 12 D3C's in the laminate
samples. In Figuros B-l through B-12, the highest curve of the two
curves in the figure represents the first heating of the chosen
sample. The lower curve represents the same sample which had
undergons heating from 25 to 150°C and then quenching to 25°C
folloved by reheating to 150°C. 1In all cases, peaks indicating an
endothermal reaction were {dentified during the first and second
‘runs, which are believed to be a continuation of the curing reac-
tion, Because the arez under the first curve is greater than that
under the second curve, it {s presumed that the mixture is becoming
more fully cured after the initial heating.

Ihermogravivetric Analysis

Thermogravimetric Analysis (TGA) provides & quantitative
measurement of any weight change assocfated with & transitton, For
example, a TGA can directly record the weight loss of 2 sample with
respect to temperature or time, due to dehydration or decomposti~
tion. TGA curves are characteristic for a gfven compound or system
because cof the unique sequence of physico-chemical reactions which
occur at definites temperature ronges and at rates that are a2
function of the molecular structure,

TGA 1s perhaps most useful when {t compiements the DSC analy~
sis. Virtually all wefight~change processes absorb or release energy
and are thus measurable by DSC, but not all energy=-change processes
are accompanied by changes in weight, This difference in the two
techniques entdles a distinction to be made between physical and
chemical changes wvhen the samples are subjected to DSC ard TGA
tests.

A Cahn elec..,-c27ance with an assocfated FiM-200 Programmable
heater was used to conduct the analysis. Tadble 3 indicates the TGA
test conditions used in this program.




26

TABLE 3. TGA TEST CONDITIONS

Sample Size 50 mg
Temperature Range 20-900 C
Heat Rate 10°C/min
Atmosphore Air

The samples were prepared as described 1n the sample prepara-
tion section, and the thermograms are located in Appendix B, pages
B=13 through B=-17.

IGA Testing Rosults

Direct evidence for non-homogeneity ts evident in TGA data.
The wefght loss versus temperature traces in the TGA experiment
{Appendix, pages B~13 {hrough B=17) shov several apparent diffe~
rences. The most apparent of these is that the glass fiber content
of the gel coat side varies by at least 208 {(from 258 glass in the
bov gel coat jayer to 308 glass {n the stern gel coat layer). Even
taking into account the different thicknesses of the sections, this
large absclute difference certainly suggests that it {s possible to
have significant quantities of poorly dispersed glass fiber.

A second observation from the TGA results {s that the measured
low-temperature volatiles, assumed to de wvater, varfed considerably
depending on ssmple location on the boat and sample depth from the
exterior surface. The finterfor samples from both the bov and stern
shoved essentielly no water. This was expected since these samples
vere held at 72 F and 508 R.H. for 2 wvesks prior to testing.
However, the el coat sides of both samples showved wmeasurabdle
quantities of water present (up to 0.3%),
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Iherpowechanical Analysis

Thermomechanical Anelysis (TMA) provides a wmeasurement of
penetration, expansion, contraction, and extension of a material as
a function of temperature. One of the common applications of this
test 1s to determine the homogeneity of 2 sample. Since the
expansion, contraction, penetration, and extension of a materfal are
characteristic of composition, then differences {n the thermograms

indicate different compositions.

A Perkin«Elmer TMS Thermomechanical Analyzer was used to
perform this task. The TMA operating conditfons for this test are
described in the table below,

TABLE 4, TMA OPERATING CONDITIONS

Sample Stze: 50 mg
Probe: Penetration
Ateosphere: Heltum
Heat Rate: 10°¢/min
Pressure: 7 psd

Flow Rate 30 cw’/min

Temperature Scang 0-250°¢

A sznple was prepared as previously descridbed in the "Sample
Preparaticon Section®, A sample vas then placed in the sample holder
and the probe lowered until 1t Just toucked the surface of the
sample, The temperature of the samplc was increaced at a rate of
10%9C/min and the displacement of the probe was monitored using a
14near variable differential transformer detector attached to an X-Y
recorder, Coples of thase recordings may be found 1n Appendix B
pages B-13 through B-16,
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IMA Results

The TMA results support the contention that the sampies are not
homogeneous 1n nature, The most {mportant difference between the
bow saxzples and the stern samples (both external and gei coat
sides), is that the bow samples show a significant penetration at
60°C followed by expansion of the glass-f{1led matrix. One expacted
cause for such behavior would be that the probe was resting on the
-¢ured polyester resin surface and, upon heating, softens the surfaca
and penetrates unti{l contacting the much stiffer fiber matrix which
vas expanding with the rising temperature, The stern samples did
not show the {initfal penetration. {ndicative of a resin~-rich
surface, but fnstead showed only an expansion after 60°C. This
behavier could be finterpreted as tha presence of glass fiber at or
near the surface of the sample. The closer that the glass is to the
surface of the matertal, the easfer 1t is for water to penstrate
tnto the matrix,

The unhomogeneities discovered in these two sample tests
fndicate varfabtility in fabrication control, As a result of the
varfability, 1t s ltkely that probleas 1n structural {ntegrity of
the laminate cculd result,

Gel Permeation Chromotogradhy

Ge) permeation chromotography (GPC) 1s a non-interactive method
of soiecular separation, providing 2 method to determine the wolecu~
Tar wetght distridbution of s sample. This test wili, therefore,
give an indication of significent cure, Ideally, a 1008 cured
system will yleld no extracteble matertfal dut, realistically, no
system can ever sliminate 2all low-molecular weight materials.
however, this method 1s valid for saterfals with molecular weights
in the thousands,

A Waters Nodel 150C ALC/GPC gel permeation chromatograph was
used to determine the approximate molecular weight of the extract-




29

able polyester from the composite laminate. Each of the four
samples were extracted for one week in 150 mil1li{liters of chlero-
form, then fi{ltered and injected into the GPC column. The operating
conditions for this analysis are l1istec in Table 5,

TABLE 5. GPC OPERATING CONDITIONS

Solvent: chloroform

Flow rate: 1 ml/min

Temperature: 23%%

Sample concentration: 2 ag/mi

Injection Volume: 100 ul

Columns: \ 104-103-500-100 A u Styragel

The molecular weights reported are not absolute but are
relative to a2 polystyrene calibration curve for the given condi-
tions. The GPC chromatograms can be found {n Appendix B page B-21,

GEC Rasults

The GPC chromatograms fndicate a lov molecular weight species,
as evidenced by the late eluting species between 42 and 45 mninutes.
There are also high molecular veight materfals eluting at 31
minutes, poaking at 35 minutes, &nd ultimately running into the
Tov molecular weight peaks at 42 minutes. In & fully reacted
system; none of the peaks would be expected except the two low
molecular weight at 42 minutes, The peak at 35 {s prodbably unre-
acted oligomer,
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blistered hulls,

tion §s AF-=163-2 from 3N,
works well also,

A-1

APPENDIX A

REPAIR

Many attempts have been made to develop 2 means of repairing
(22,25) The best of these yielded about an 80%

success rate. The recommended procedure is as follovs:

Carefully dry-grind the gel coat away over
the defective areas down to the laminate.

Use a high=-pressure freshwater spray to
remove salts and contaminants from the glass
fibers,

The boat should be placed 1n & ware, dry,
vell~ ventilated place to dry out. This may
take some time, depending on the amount of
water absorbed.

When the laminate s adsolutely dry, it
should be covered with & couple of ccats of
tvo-pack epoxy or two-pack polyurethane
paint, being careful not to trap any air
bubbles,

A solventless epoxy fiiler should be applied
to 111 any pits and cover the laminate with
a thickness of at least 0.6 mm to cover &l
fibers and thereby prevent wicking,

Four coats of two-pack epoxy or two=pack
polyurethane paint should be applied.

One filler which has been tested for this type of applica~
AS/3501=6 graphite epony reportedly
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B-1

BOW INSIDE LAYER SAMPLE #01A 98-fl)G-85 €9:51:01
Aras/nm 493 ¢4 4R W

e e g s XX X -t e

Calsgm  1.45583 824887

Peak Ht 77 58
Te €9 84.2

Slore .&5 k]
1s 68.7 83.4

Intercept 38.3 73.3

relative

Erneor-ew.

FIGURE B-1. DSC TRACE: BOW INTERNAL LAVER -
SAMPLE A
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BON IMSIDE LAYER SAMPLE 881B 08-AUS-83 18:29:33
freiem 91298 46931

Caly/gm  3.0675 4.577S4

Peak #t 153 89
e 64.8 83
Siope 3 .S
s 64.3 <]
Intercept 3.9 &5

FIGURE B-2. DSC TRACE: BOW INTERHAL LAYER
SAMPLE B
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Blister performance of GRP systems in agusous enviro, £

Abstrsct

Prolonged and continuous coatsct with water ¢an, in some
cmes. cause dlister formation in glass fibre reinforoed
polyesier laminates: thic papsr discussss the resulis of sn
ndrpendent study of Hlister formation in veriovs GRP
satnms sfter continuous contact with disiilied weter st
&3 - 2 condilion estimaled 10 give o accetamtion factor
of 5 to 6 times compared with the same enviconmant af
237C. In addition to discussing the sffects of gal-coat surface
tisue, resin type snd gla type, it i hoped that the wovk at
present in progress will be sstisfactorily completed 30 that
the influence of additives, such as pigments, and other
reinforcement systems can be described,

‘The paper dos not set out to sxNain the machanismn of

bliater formation nor ks it implied that the systems discussed
will totally eliminats the problem. Experimentally it has been
shown that some gless-vesin cystems will delay the onset of
blistering for derably Jonger periods than others.
Improvements can generally be obtarad for 8 modest cost
penalty either in terms of mcreased materiais cost or
increased fabnicaion sime bul in some instarses mai nels
showiny, impioved blister performance are uniikely to be
acceplable to the industry bacsuse of their difficult handiisg
charsctenstics in hand laminating titustions.

In practice thire sre examples whare some GRP systems have
resulted in blister formation and yet thers sre countiess
other examples where similar syitems have given no prod-
lems. 11 is concluded, theretore, that biister formation cannot
be sttributed to one single p ter but to @ combination
of paromaters, sich oy inadequats protection of the lamanate,
mcorrect choice of matenal for the environment, poor cure,
unscceptable voud content snd diy petches, and in some
tnatancet 2 contnbution from the user himeel! — incorrect
choice snd use of etch pnimers before applying satifouling
agenis.

1. latreduction

Bistenng in GRP structures, which ere continuously
immwrsed in water has bean given much publicity in recent
ysass and yet we kinow of only 4 publications on the leve! of
the problem. Platell (1) reports an incidence, in Australia, of
saae then JO% of swilnming pools showing the sffects of
bistering in Jass than two yeass. Taylor (2) ead Olford (3)
Iapress concern over the instances of bllstering but do not
quanitly the leve! of the problem, sithough in 1973 (4} it
wes eslimated thet 5% of boats and 4-5% of poois blistered
in the U.K. If hese are remonsbic sstimates then thare is
iadsed u mead t0 fiad scceptabie sclutions 10 the problem of
Mister {ocsmation in GRP.

Examples of Simters in GRP componcais sre shown in
Figure {. They fotm by 8 p known s * " and In
the laat (ew years mese has bogn wiitton sbout blister
Jormation in GRP than at any other time sluce its intro-
duction nio the marine 1ndustry, more than twenty-five
yean ago. Vanous of the ph dlecwassd n
the iterature sre described in the Appondix.

Bluster formation i ¢ complex process which is affested w2
greater o bovser axtunt by the sype and thickness of gei<osts,
the type of rein, sdditives, the type of sernfosc-mant. the
lamuinate construction, manufectusing defecta and service
snvwonment, Quite often, buy besst mu scied, damage can be
causad by the wir of sich prumers .o spplying satifuuling
agents. The GRP idustry wid oiisted ncommasdatiens ta

DWEdgek  -Fbregless Limited
-Rbrepiess Lisnited UK.

1973 (4}, supporied by superimenial evidence, whick would
reduce ths risk of Mistering tia GRP companaais. Uafortun-
stely thase rscommesndstions togrthes with those publiched
Oy Mcluses (5) of Lioyds Regisicr of Shippiag tad the BPF
Rocommendstions (6, 7) have aot been isnpicmented by the

The work discwsesd in this paper was carvied out by an
iodspendent test houst (Kuaststofien en Rudber Imstituut
TNO in Holiand) st ihe request of Scott Bader Company
Limited e2d Fibmgiceas Limliod. TNO was chosen o8 tha tast
houss becauss of thair sxpertise in this ares of reczarch,
heviag previoutly sarried out studiss for other Eurogean
materinle suppliers. This work showed that impetfections
vach as, air iaclusions — either sir bubdles or in glass fibre
bendlas; pocrly impregnated areas in the reinforcamant;
wicto cracks: sad places where there & poor intsriamina:
sdission, can iaitiste distering (8).

The sim of the programme was to deterwine which GRF
cystams wers moet resistant to blister formation and kence
to provide prectics! suggestions for lsminating. The pro-
gismme discumed in this paper was divided into two
Phases: -

Phase §: bavolvad 8 ctudy of the sfiects of various
claar geicoats, main typas, surface veil, and
pais mat typas on blister formation. Dats
sbtained from this phase of the work was
preacated ot 3 sympotivm in 1979 (9, 10).

Phas 2: lavolved s study of the effects of sdditives,
®ich ¢ pigments, 0ibar reinforcemsents and
mixed jlass sysiems on dlster formation.

3. Experimental
21 BRaw matesials
The following raw materials were wasd to comstyuct the
Isminates: -
(a) Deldycstor Reslas
(i) isophibalic galcoat:~

Type ! = baded o5 & edium beat
detko1ion tomaperature (HDT)
{asphithalic rasin,

Type §i ~ based on s medium HDT ieo-
phithalic-macpantyl glycol (NPG)

wosin;
Typs (1l = bessd on ¢ low HDT Lophthalic
redin.
() Oethophithatic back-up resi (medium HDT
PRETING TESif).
(i) lsophthalic back-up rsin: -

Typel - medium HDT manne resin,
Type Il - high HDT marine resin
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(b)) Ksinforcaments

(1) 300g/m* and 4503/m* emulsics baaded shapped
stzand mat (CSM):. ~
Type! -~ fost “watout™;
Type li ~ slow “wet-out™.

(li) 300g/m’ snd 450g/m® powder boadad CSM: -
Typel - duniyvhyi scatate (PVA)

Type Nl - -in uﬂl M filasponts.
(i) Surface tasue — “C* glacs type.
() 600g/m* balsoced wovan roving.
(€}  Aselilery Materiaks
{i) Desp blus pigmunt.
(B) Whits pigmeat.
(i) Methy! othyt ketooe peroxide (MEKP) catalyst.

12  Lasainate Coxatruction

WGWNmu(ﬁ)demBPmeﬂna
reference for the comstruction of the minaws. Thay were
WupuaFﬂﬂk&mﬂmnnwnmmnmzo
d 22° C,.dnﬂhdnbunmty(ﬂi)m%sqd
61%. Galcoat, when wand was spplied by brwak {7008/ m

“ 0.5mm thick layer). Ths gaicoat was alloamed to cure to 8
Recky’ state befose the back-up layer of surface timwe gnd/
or 300g/x:" CSM was laid down:. This was allowsd to rure to
umbbu;«likz siste befors compieting the lamiaste with 3 X
450g/m® chopped strnd met umumwcsu
composite (600, 450, 600g/m” ). Bach Jaminate was con-
solidated with a metal roller.

A resin;glom rstio of 2.25: 1 was wead for the CSM and 1:1
for the woven roviag es recommended by the BPF guldsiines.
A resin to gieus rutio of 20:1 was used for the susface tiasue,

2.3 Cure and Past Cure Conditicns

Throughout the project 2% MEXP was used with the pre-
accelerated resins sxoept when the effect of catalyst
oconcentration was deing ametsed,

Fhate | lamingtes ware post-cured s follows: —

Half & specified by the BPF guideilnes (34 hours ot 20°C on
ﬂemﬂdlouoved by 16 hours at 40°C) and Ralf for 28
days st 20°C.

Phase 2 laniautes wer all postcired scoonding to the BPF
puidelines.

34 Mathod of Lamenion

Clrcular specimsnts 11.5cim in dismetor were cus from the
laminutes and clasaped ot the ands of tubes with crewron
caps and rubbsr satkens (e Figure 2) to provide liquid tight

The voseh 1 thoa loaded with heod weights sud floated
on water cuch that 75% of one sugfecs of the lamisate was in
coatact with distildnd water ot 40°C. Each vesse] containad
two watilstion SOrts 10 pravent exosmive bulldap of vater
vEpour ia contest with the ottar surface since ths expericaent
was et up 10 study gimgle K8ed contsct nomditions. Six
Qosting vemstls ware placed in each weter tank and main-
talived st tamperaturc in air ciculating ovens st & mlstive
humidity halow 40%.

13 Method of Ansaing Dlister Formntion

Samples wury visually examined sty 2 wasks during the
firsi & months and thereafter st2ry 4 weaks. Biinter fonmation
w&‘u‘ uaiig Uee fellowing aXemment siheme: -

Tyse 1 = Plare whitsning, 20 binsters.

Typt 2 = A but with amell blisters, or small hlister only.

Tyse 3 & As 2 but some of the bissters (dismater | -2mm)
Sed burst.

Ty = A 3 but soms blinters (Lismeier I—4mm) had
also bugt

Type S = Some blisters diamoter 4-Smm sppear.
Type 6 = Siant of formation of Nisters disgmeter >Smm.
Type 7 o Bxtestion of 6.

Tyse 8§ = Btisters form with dizsseter >10mm.

The bighar the mark the mors setious the blisier formation.

Exampics of each blistis typs are $hown ia Figures 3-6. No
sampies cxhitited typs § Glisters withia the durstion of the
experizeant.

Spocimma sxgminition was slweys catried cut by two
t workars and thal scastsaent combiaed and

All GRP gystems sxamimad in the Phass | (dusstion 12
months) are summariaod io Tobie 1. Lomisaiss wers made
in éupticate and post-cured £ descyibad earier.

42 nystems were evaluated in Phose 1 - waing duplicate
opecimens, 1 cute syctems, and 4 lmmersion pesiods (Le. 3,
$, ¢ and [7 moviths) ~- a toksl pumber of 672 specime s were
immarced in water.

The syrtams evalugted in Phase 2 ere Xoowa in Tadle 2; 32
systems were evaluated; this iavolved the immention of 128
epesimens.

3. RESULTS AND DIsCUSSION

The remults cf this laveatigation kave besn svaluated in termas
of the effacts of the individual componstits bafone
how they intsrected within the total GRP system.

31 The Gelceat

The date shown in Tobks 3 and 4 ahow that the use of pel-
cosss sigaificeatly prolongs the time to caset of dlister
formation end i mony sytiems 1957 we poovented blister
formation within the tisae scole of the woik:

The Bophthallc-NPG pelccat system shaws soma advintages
over ths bacic isophthadic pelooat syatem. T faftuenor of

gslocat oa biister formation over the cacaplets Phase | work
& ikvstruted ia -Figurs 7. Hnmhﬂmda‘-!ynnd
Mmﬁulﬂﬂu i

&u mmuummﬂmammm 10
sisnr pelcsats. This was nct upaxpected bucorss the white

%u.welmnmmuwmx
€ ioansrica teet conditions.
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34 IAC UMY §meus

Aesin rich layar aasocisced with the uae of 3 surface tiamee
Eu pmproeed blister sesistance in all cases compared With

same sytiem witaonut surface tissue, s shown in Tadles
Jand 4. The odventoges of using 8 surface tissue ars aleo
Hiuwatrated in Figure § indepsadent of glam typs snd resin
type.

33 The Lamiaating Resis,

The Jaminating resins investigated in the programme wese 3
mesine medium HDT orthophthelic scid based resin and two
marine idoghthalic scid beaed resins, one with ¢ Madium HOT
s~ the oiher with a higher HDT. The dats obicined for
these systems are thown in Tadies 3 and 4 (or the various
lsminate comstructions. The icophthalic acid besed laminating
sesing gamerally cutperform orthophthalic scid bated resins,
The performence of each resin is shown iadegendeatly of
Sms type, gelcoat typ esd surface tiscus in Figure 9.

lsophthaiic scid based resins show better reziatsnce to
blistering than orthor htholic acid based systass; this is &
function of thesr me iecular make-up and the ease with which

the ester linkage b . wessobie j0 water and possibie hydrolysis.

This ks been recof nsed a8 & major coatsibuiing fector for
sany years and for a3 the busls for the cument BPF recom-
mendations (6). leay hthalic-NPG romnt have svan etter
resistance than the duvic iosphihalic systems (11, 12), agtin
&5 » result of steric A1 cts. This is the main meson o7 iso-
phthalic-NPG gelcoats 1 iving better performance.

Even if an tsophthabic 3e1.' bated resin i not ueed throughout
thz construction advantags” csn be gained by using this type
of resin st deast in the fir: fow mﬂhm!m of “layxp" and
has been ded a3 8 comprogis (5, 6).

34 Reinforcemmmis

Figure 10 shows the effoct of different types of CSM on GRF
systems without geicoat and indepandent of back-up resin
type. Figure 11 shows similsr curves for gelcoated systems.
¥here no gelcost is eaed there is it difference between
the emuleion bonded mst (EB) Type 1, aad powder bonded
wat (PB), Type . Powder bonded mat, Type |1 doss give
better performance but s consndared uasuitsble for hand
lay-up bccauu handling swd sir release difficultios czn be
d whea febricating large and licatsd

structures. Howsves, whare & pelcoat b used, “Tabies 3 and ¢
thow that generslly PB mat {Type I) gave a better per-
;«mﬁmﬂul (Typs 1}. This b aleo illcstsated in

fgure

With the orthophthalic resln, powder bonded mats perform
batter than cmuwou boaded Iltl oxcept whea & aopenty!

#lycol geicoat i used (see Table 3), Mare the emulsion boaded
mat system cpprosches the nesult odtained with 4 powder
honded mat. With sophthalic laminating resins smulsion
bonded met can 2erform o6 well m powdet bondes mut and
when ueed In conjuncuon with the NPG gricost (e pesfor.
magce 8 further improved. Ths use of 2 'C' glens tissue to
Pve an sven botter reeia rich barrier results i further im-
provements (e all rystsmms studied.

In pancrul, the uee of Sow wet-out emulsion boaded mats
gives comparable mauits to fest wet-out smadaion bonded
mats (see Tabie 7).

Tudle 8 sugpests that whire wown roviag is wed in
comunction with PB mat (Type §) the prosence of the woven
roving kg3 no obactved sffect on blistering. Ineufficikent data
wes obiained from the programmac to draw conclusions from
the EB mat (Type 1)/WR systems.

In orthophihalic mals systams, s singie laysr of PB mat
behind the geicost gives come trprovement ia diistar rils-
tance (s6¢ Tabk §). Howsvar, little Lusprovemant is matiosd
by this pracisce when uiing the iboplithalic ain wysiom.

(i} Them s & significant improvaments (a using & 16
Saum ot 40°C postcure compared with 33 days ot RT
).

() Chauges in catalyst comcastrstica, 1% to 2% of MEKP
:&cflfoo'dummdmtm-‘on

4 CONCLURIONS

() 1tis important to coatider the parformencs of the total
minaia systam: sincs biister formaiion caanot be
sitributed to one simgle fector, but 10 ¢ combinution of
!mon —mmmummu.

., poor cums, poor fed rication

(w%wm)mmuumm

tsatments sech a8 stch primers.

(i)  The sccelarsticn factor for the work repoctad bere
st aleo be takin imto account. Dav shight gded
wmht‘nﬂuwmch
conpared with tis scau saviconmant ¢1 23 C an
ecceleration factos of $ to 6 Ao beea odestved (9).
Heace, many of the sysanss investigated would thow
ooakuolblimﬂus‘.ﬁ(.‘fgnthm!mln
fact, seswster conditicns ay 23 C would madoudtsdly
sesult in s preater factir Peusuce it b owll known thst
diatilled water g the wout aggreseive mediva tn which
such exparimants can e carvind out.

(i) Type 2 bilsters, weed in this weck to dsacribe the onset
of bliztar formotions, would not put the machamce!
performance of ths lasiaste ot risk.

(iv) Tho incidence of hlistering in HRP can b3 grestly re
ducad by sdoptiag the failounng proveduses: -
® Lus ophthalic geloants, nipecially thoee based on
NPG (claer or whits), bahow the watarling.

© Tio not es desply colounal ricosts below the
wuterling.

© Uie 2 surfoce tisue (a edditioa ¢o & paicoat.

® e resing whic are bees mascoptible to kydrolysls,
cuch o8 sophtanlic ocid bassd systems.

® L reisforcesvint contalning sondydrolysable
binder, sapecially with orthophthelic dased renan
oystems. This & 508 lmpaetaat with isophthalic
bunod systems.

O Engue compielo wet-eut of the relaforosment
togpiher with saliimal void contant,

{v) Thepinidelines gives in the BPF document (6) poovide 3
good Duxis (or delaying the oaet of Bistering. This
work (spports sad reinforos maay of the recomman-
datiows made ka ths BPF document.

AMPENDIX

Various sspectt of the blisiering phescmencs have besni

dhcunad ba the lerature. A simaiary of the majoe points
a8 givea here:~

4f)  Blsters oconr ke kiminates aftsr loag-¢erm. waintes-

ripted tmmamion tn weler with & variabls tass scale
of monthe to years (8, 11,12, 1)),

(U} Bisters occur immedistely behind the gslovet or
babing the initial layer of glees 86 8 result of air volds
ot interfeces within the lesinate (11,12, 13).

(i)  The preronce of s swface ticsue immadiately hedind
the podzoat recuces the chanoe of blistatiag (16) &
doM a thick gkoa: (8, 13).

Gy Qucnonio cavies M:1578 1o expand — o fusctics of the
waE-pormeadle raca-rich surfeos (11, 12, 13, 14).
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{v) Edwards (15) suggested that to achieve bilster resis
tancs there is & moed (o use 2 peicost with 2 low
permaability rute for water. Its permesbility should be
squivakent or IGwer than that of the lasainale to pre-
vent the buidd-up of water in voids st the interfsce ~
Ehe finst roquirement for the CERMOLIC Process 10 occur.

(vi) Blistars contais s mixture of low modecular weight
Suboiances dicscived in water, Y Liquid reacts
acidically (11, 13). The liguid componition s acetic
ccid, small quantities of other acids sad glycols,
oetallic jons, products scaociated with catalysts and
m«‘m.mbnumwmum
fibre costings (11, 3),
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Examples of Blistening in GRP Components
Biter Aesetnent {Types D and 1)

Immeiwon Appiratus
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Fig |
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2254 Annual Conference, Reixforced Plassics/
Composites Fisiitute, The Scciily of the
Plosiics Industry, Inc. Pobray XJi, i)

pmun Nmbtemuoftheﬂuidsmw
Qetions snd certain eeganic sedstadoi, @pecially gheols.
Titls peper describes tesudie besad on the unalysls of a large
sumber of laminaies using a variety of analytical technigues.

3. INTRODUCTION

The developement of blisters between gei coat and back-up
taminate in boa: hulls and swimming pools has often been
aoticed, and dualled studies of the subject have been mmads
{}~4). Many of the wocksys investigating Nister formation
make recommendations for minimising we problem. There ls
geoerad sgreement that the cause is ostnatic pressure, arising
from differences betwven solute coacenitaions on the two
£33z of the gel cost. The g2l coet scts swber like the classical
semb-permeabie peembrane investigsied by Graham, Yrvaube
exd Pleffer (5). This payver reposts an analvils of the nature of
the sodutes responsible for gehevating eamanic picssure, and
relates this analysis to comparsiive vates of blisiering.

The mechanium of blier formation is dedieved (0 be &3
fallows. When a amioate Is exposed 1o water, there & in-
variably weter pereaestion ihrough the gel coat, mainly by
sctivated diffution, but aiso by microscople susrface cracks o
pinholes in the g¢l cost, arising eitiwr froen fabwicssion
procedures or subsoguent history. The wrter collects in
wmicrovoidh or othes cavitles within the larainate, and gdowly
{ills them. Appreciable quantities of water-soluble sbslances
Mmay 3¢ prosent i e resin, or is other conatituenie of the
Tominais 2 O eutort, b e I they ars sleent, chemical
resciion: between the water eodd sach coactikoants an Vsider,
sae, glans and ravia talie place, with the formaticn of walcr-
obigdle sudaiences. Consaquenily, the region undeslying the
sti coat eventually contalns pociets of conceniraied aquecus
sotutions, and diffusion of meve waler ocours through the
membrane 30 83 0 dilute these poluiions. Frovided the
osmotic presiure generated  high enough, the gel coat will
eithsr blister o corack, depending oo s mechanics)

properties.

The procases of pemeation and of kudrolysis oot grestly
soocberated &1 devatsd temperstunes. This suabies stulies to
be made more convenently, without waiting for two &1 tuee
years for blisters o fovm. However, scceleration of the

*8choot of Cheenica) and Phyiical Sciences
Kingitoa Polytechaic
Penchyn Rowd
Kinstros upon Thames
Surrey, England

Ssasloa 17:B, Page )
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prodess should not be carried to gxcsis, &3 alecations in the
gwevalling =echanlsms could take pluce, Funther socaleration
¢sn be achicved by tota] immercicn of lamisates in water,

asd incicass the e of filling of velds and dry patches. The
Gapdvaniage is that ocbeerved blister ousct times 0o longer
¢ommespond with those s2en in service, but the acorieration i3
similar for all the panels tzsted, and thss ks no effect on the
qualitziive anlaysis of aquesus fislds wiinla the blisters
except that the flulds coliect, and are dilited, more rapidly.

Mmm%ﬁ% (w/e) and conalsicd of chogped
sivend mey of three kinds (el 300 g/m?):

{1} & PVA emuBtienbousd ot with n PYA tles,

Q) & polyesisy powder-tound ma withia PYA dee,

£3) A polvsster powder-bound wai with 8 predomizenly
powder-bovnd ise.

Typss { snd 2 possessed compietely identical sires, coupling
sgenty, and 8 bunils tex of 102. The third type was tresied
with the same silanes i 8 different propottioa, and the glass
bundle tex was only 31,

The following addivional factors were investigated.

(1) Addivos of Oxford Blue plgment 1o the goi coat.

{2) Use of three Lsophilialic gol oot revias of atmilsy
formulation. Gel coxt thickoess was 0.7 mun.

(1) Use of teo mould reliase agents, one being eszentally
peraffin wax, the other 2y aqueous selution of poly
vinyl alzchol.

{4) Ure of 1wo catalyst/soceferator systems for (e laywayp
resin; oae was methyl sthyl ketone hydroperoxide whth
cobalt cctoate sccelevazor, the othey benzoyi pevoxide
and diroethyl szilise.

(3) Variztions in fabrication procadure.

(3) Alzerntion of &id value of the lay-up resin,

{1 Addition of free glycol i both the goi coat and the tay.
up resins.

(8) Addition of exira dimethyl pubaiate to the lay-up
resin,

The precise aetuse of the vezistions a eminete compositon
and produciicn procadsre will Do appsies frosy the .

miuhmtmumuwwmuwat'cmu
bours, and postcured at 40°C for 16 hours. They wete then
cul into snalier pieces and, after storsge for periods ranging
from 20 to 200 days, mos1 of each varlety were painted wiing
eigit differemt painting procedures. Thiee pisces of oach kind
of unpeirnted taminate, messuricg 305 mm % 132 mm, weye
mmmm&wmu.mumu'cmlwmn
z'g;z}e paintad panels (132 x 101 mm) were immersed a2 45
- .

The Wisterirng of the painted penels v il be reported in a
separsie publication,

The immersed panel susfmccy wese exiamined regularly, and
when biisters formed, their adiure and sizes were noted.

% $513 Were never ggm on the perface without a ;
contents hlisters wese removed by i?%

syringe, and norcd ia sealed glass ampoulis for aataytis.

The water in the {iumersion tanks was analyzed
periodially, to determing wheiher any tignmwl dissotution
of cations occurred from the tink walls, the hesier/cir.
culators or any other source.
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A Pyc 104 instrument was used with a flame ionization
d_ﬂcctor. A 4 metre stainless steel column, of 3 mm internal
diameter, was used with Porapak P-S (a ccpolymer of styrene
and divinyl benzene, silanized) and sometimes with Porapak
Q-S (a copolymer of ethyl viny! benzene and diviny!l benzene).
Both these siationary phases were supplied by Phase

Separations Ltd. Temperature programmed chromatographic

analyses were performed and several peaks were assigned by
direct seeding (acctone, methyl ethyl ketone, acetic acid,
benzene, toluene, the xylene isomers, styrene, ethyl benzene,
benzaldehyde and the two glycols used in making the
puiyciia resins, wamnsly propylene glycol and diethylene
alverl;. Ny <iuTpi was made to estimate either the less
valetile dibasic acids, or the dimethyl phthalate from the
catalyst diluent,  zcause their low solubility in water suggests
that they could not contribute substantially to osmotic
pressure generation. Semi-quantitative analyses were per-
formed for the five major organic compounds found.

Catioa anelysis

A known volume of each blister fluid was hested with a
known volume of concentrated nitric acid (A.R.) to destroy
any organic species present, and the residue extracted with
dilute hydrochloric acid, followed by analysis for cations
using a Corning Model 400 flame photorneter, AAG Varian
and Perkin-Elmer 370 atomic absorption spectrophotometers.
Blanks were performed in each case. Qualitative information
was also obtained from an EDAX analyser, coupled 10 a
Cambridge 600 scanning electron microscope.

The water in which each type of glass mat had been refluxed
for 7 days was analysed by atomic absorption spectroscopy to
determine the extent of cation leaching. Cations in the glass
fibres themselves, and in the residues from ignition of some of
the resins, including a pigmented one, were detected by the
EDAX technique. Quantitative anlaysis of the ash from the
lay-up reisn was performed by atomic absorption spec-
troscopy and flame photometry.

-
Yres giycsl sadiyss
The quantity of free glycol leached from samples of
laminate after prolonged storage and then two days’ reflux in
water was determined by GLC.

3. RESULTS AND DISCUSSION

3.1 Gesneral observations

This program involved the immersion of over a thousand
panels, and it is oot practicable to present all the results
obtained in one paper; the effccts of painting the laminates
wiil be described elsewhere. This reduces the scope of the
present discussion 1o a few hundred panels.

81 should be remembered that throughout the blister growth
process, water is entenng the blisters and diluting the fluids
oontained therein. The higher the initial concentration of
solutes in the blisters, the greater the initial osmotic pressure,
and the faster the dilution occurs. Ther:iore, at relatively
short immersion times, there will be & greater disparity be-
tween observed concentzations in various blisters than is
detectebie later. The time chosen for sampling the blisters had
10 be late enough for significant sized blisters to have grown in
a large number of panels. 1t was decided thay blister fluids
would b. sampled aftzr about 123 and 240 1o 270 days in
water 8t 43°C.

Even so, many !aminates did not produce any blisters, ot
elz¢ produced large numbers of very sraall ones which were
very difficult to samplc in any quantity.

The addition of 2.5% Jicthylene glycol to the gel coat resin,
and 2.3% propylene glycol to the lay-up retin, was carried out

-

bemcomidued.h e

S i . S e

a E10 pf «
not ov giyools, but for cations as well. However, the
possibility that cation concentraton is increased or decreased
by the presence of significant glycol in the blister fluids must

formad betwillh poi |
owed glass fibers un-
derneath, and were sometimes aligned with the fibers (Fig. 1).
Some panels had no blisters, some contained many smali ones
(up to 3 mm diameter) while others contained medium-sized
ones (3 to 6 mm diameter). The largest blisters were in excess’
of 6 mm and relatively uncommon. Fully developed blisters,
were rather flat in shape, and often contained purple
colorations.

3.2 Relative rates of blister formation in umpainted
laminaties

One of the most important factors caujing i
’ rowih was, as stated above, the addition of free

yools to the resins (Fig. 2). This is probably use glycols
aic weaicr-soluble, whereas dimethyl phthalate, which is
present at comparable concentrations as a catalyst diluent,
had no such effect. Uf the water solubility of trace substances

fs » significant per ze:eter, then acetic acid from the hydrolysis
of polyvinyl acetate binder should also encourage blistering.

Fig. 3 shows that the emulsion-bound chopped strang t did
he Imveshigation by Norwood (1) et al. The finer tex of type

resistance,

Styrene has a solubility of less than 0.05% by weight ind
water at 45°C, and should not itsell contribute much t
osmotic pressure gencration. However, in presence of fret
radicals (R ) and oxygen, the following series of reactions
appear probable (6):

have coninibuled (o the improved blister

pe ECECH, men —22 ncn,fu-ow
[ ] ¢

l gcu=CcH,

9 ¢

P

RCH) £H0O cn,<im9cu.cnoo' P 12T, ncu,imu,cn‘
n

wheren = 20to 30.

The product then decomposes as a result of heat or light t
give benzaldchyde and formaldehyde alternately, in
exothermic chain reaction:

] L} L]
] [} ' .
?m O - CHy ¢ uo-gO-cn:‘.C.m
' : ‘e

P Y
- ==

1
cho - o

Styrene could alternatively be oxidized directly, in 1t
presence of a suitable oxidizing agent, to benzaldehyd
benzoic acid, styrene oxide, phenyl glyco! or phery! glyoxal
acid (€).

‘The benroyl peroxide-dimethylaniline catalyst/accelerat
systera adversely affected blistering rate (Fig. 4) possidly Y
producing hydrophilic nitrogen-containing substances
benzoic acid, as shown below:

Scasion 17-B, Pag .
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itahould be voted thit all the gel-costs were pro-eceelcrated
with cobait scceleratar, ind caly the lay-up rasin was econd
‘with the simine gystom.

‘As expected, & lower acid value in the lay-up resin prodused

an improvament in blisie onset time (Fig. 5). This could be

because of lower quantities of residual scid and glycoi or
because of lower hydrolysis and permeation rates. The &id
valug was abgt zimmamewmav:gmﬁg s.

teriag rate (r 6). The release ol water-toluble sub-

wances, axﬁa Wom slyment o from it carrier (1), might
be suzpecied. [drect mixing of solid plginent with ¢he resin,
without usiug a casricy, also prociuced slighrly faster hligrerieg

Fases.
The 2ffest of Tabricarion pyosedurs oo raz of dilstering ks &

compiex  quesiion, gioce veverd] febrication fyulis gos

g !\e Oppos tcuubeme This might be
because tbc large dw patches could eastly sbecrd all the water
diffusing into them without forming a conoentrsted solution.
The lintantes ronde in this way were also prezared with &
thorter interval than usual between applying the g¢i cont and
adding the first layer of reinforcesent. This Gd not tacrease
bilstering rate,

The paulhihxy of zxcersive syreme evanoreticn from the
el comr, defore additicn of renforcement, arises from
takib&um o7 retardation of gel cost cure caused by con.
tamination with an inhibiior, by ingorrect quantties of ex-
oestive turface alnflow or excepiionsl opereting tem-
oerstures. One poecsidle caute of cure retayastion might be
spplication of e gel coat 1o o surface made damp by
faadegquie evaporation of equeous mould ralesse solutions
7). This s determingd by the precise operstor technique and
0t kihop temiperature, Dul sbould not bea ﬂoblm with wax
veiease egents, Bl that faming)
o it

then thowe
A fauity

%"*’m ANy ICCHDY trould Felente ager, v g1 coat
W‘ PETREADIRLY (0 water than normal,

becau.a of imdequn:e crosslinking.
The offect Of water temiperaiure on Mistering sate is shown
in Fig. 6. Many laminsies which firct showed blisiers a1 45°C

Session 17-B, Page

" nearly 20, making it difficult to predici b

o less then 60 days did not show any .
smbient temperature. In many other ¢ .
incressed. Currelztion factors verie? from

‘6 months at
zet time was

sing rates at

ambient tesnperaturcs from the ecceisratedn. W 45°C,
33 Qodion panlysts .

As expected, EDAX examination showe & presence of
sitloon, calcium, posssium, sedlum. 2ognssium  and

stuminum in the water in which portons of & ; giass mas fiself
had beéea hosted in bolling water for seven lays. The er-
thophthalic laminating resin way sshed (b produce 3 mg
residue from 100 grams of resin, ang hdy residive contalngd
traces of Si, Ca, Mg, 5, K, Fe, Co, Cu, Zn, Nz, and T8, Qa e
other and, a thizoiropic isophihalic 3¢ coat prosuced »
mu&!s lasger reeldie (2.79%) conslsting mainly of silicon, with
m i codali tructs, ity pgraenied equivaient
give 5 4% wﬂé iexidue, Ssuteining siicon and titanium with
some chromium, copoer magnesium and cobalt. Alemniaium
was 08 detected and may have been masked by the siticon.

Quantitative analvals of the agh from the lay-up resin in-
diuuéthemef 190 ppen (Dased on rexin) of sadivm,
a5d 3 ppso calclum (by Tlame photosasiyy) together with 1.5
oo sine amd 0.2 pom sugnesium (by stomic absoeption
spectroscoRy). Sodium would e expected to escape during
&shing o the above figure is therelove low.,

The above-mentiosed cations released from chopoed strand
tat afier dintlg in distilled water of pH 7, were also
quantified by flamme photomciry and atomis absorption
spectsoscopy. The vie of acldic or alkaline water tisht welf
bave produced farger quantities of catlows. The pH of the
blister Muids was found to be 4 to & Brueggemann repocts
suiber higher acidity (4).

Fig. 9 sdows the cation concentrstions In @ typical blister
fuld, efver 120 doys b Sissillod waier us 43°C. Estimazions of
calcium made by flame phoiometry agreed well with these
oMslond by 8iGIRIC KOOV PUGD Speciroecopy; the main cations
were  sodium, potassium, aldum, sluminium, and
ragsedum. Additonal date in «s¥e 1 thows the kicd of
varistions between panels. Those laminatss comeaining type |
glass produced extion concentrations as Righ & thoae made
with powderbound miis (types 2 and 3). The improvemett in
Blistering rates (Fig. 5) could be caused by reduced con-
ceatrsilons of acetic wk3d. However, this question is aill
undecided (see section 3.4).

Mott of the laminates in tabie ) contained extra glyodl,
bocause larainates of this kind slmon invariably produced
bﬁum large caough to supply fluld for stomic absorption

unalysis.

Ratios of {Ca**] to [Za* "}, and of [Mg* “Jto{én""],

out 2 up to
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wve very much grester than those found in the lay-up resin,
and the majority of the catioas Ca**, Mg** and Al***
mwodthbunmfmthedmﬂw.konh
present but was prodably obiained from the im-
mersion heater, and copper could be derived from the copper

| mﬁﬁm sation mue‘h
ahmﬁmhuf«neﬁ&

gmirsce sn osaotic pressuce of 2 to § m-m
coall] have bees much higher ot a2 englilsr stage, but
mummmm

3.4 Organic sanlysks

Organic water-solubles could originate in the resin, the
glass treatment (especially the binder), the catalyst, the ac-
celerstor, or the diulents in which the cattlyst, accelerstor and
pigment were dispersed.

Fig. 10 show; the organic found in a
typical blister fluid after 270 days at 45°C, The iwo glycols
were presaat at higher concentrations than the other major
conttituznts, namely acetic acld. styrene and bGexzaldehyde.

- Surprisingly, glycol conceuirations were mno higher fn

lamirztes 10 which glycol had heen ueliberately added than in

" the cihers, but this can be explained by the fact that dijution
vales must be proportiona! to initial concentration, and so
glycol concentrations tend to evaverge at high immersion
dmes

The very long retention times gave opportunity for eenction
10 occur between constituents on the columa, especially
between aoctic acid and glycol. Consequently, tiie GLC
snalysis given here is merely an iadicdion of orders of
@agnitude and could b2 in aror by underestimating some
csncentrations.

Phihalic and fumaric acid were not estimated, beceuse this
would have required the preparstion of mathyl
Gerivativei. Somull concentrations of methyl ehyl ketope =eve
found, possibly from the initistor. and weces »f acetore
{either from the OLC syringe of the luminating rollers).

.« Various bydrocarboma were ideified; many of hese were
wopymerizable iraparities in tiviene meaomer (see Fig. 11).
Yebie 2 gives & few exsmpies of the GLC results obtained.
Porapek Q-S column packing eppeared 1o give lmproved
giycol s2ability and higher concentraticns than Porapak P-S.
Because of ihe long reczation thines, the recorder cutput could
=0t be monitored coatinucusly, and somstimes the glycol
pesks went off scale with Porapak Q-S. Csmuotic pressure
generared from combined glyocls was astessed &t betwaen one
aad ten-aumospheres st the 125 and 270 days sages. Adetic
i, whese present, contributed 1 (0 eleven atmocphery,
Bt wae not found at all in some laminates, faciuding soce
smuiton-bound cuat laminates. This could again be caused by
reaction with other oonstitueats of the dlister fluids, either on
the cotumn of, moit likely, prior 1o sampling. Blistevs from
laminates ot vontainieg added gycol bui showing large
cuantitles of soetls ocid 1ended to appear in the carly stages
00 52 50 days) along with glycol-iaduced dliners.

HdXtion of extre &mexhyl phihalate had ao ocdviow
tewddency to tacresse biirtering rate. This substance, of other
similar phibalates, is used a2 & cxalyst casrier. [t has o fow

waier solubliity, bt cowid coaceivadbly wadergo o
hy&wammmWMMyu
too volatile to remaln (n the blister fluids for long.

Tadie 3 thows “he GLC snalysh of free glycols extracted
from the laminites after prolonged storage and then two
days’ immersion in bolling wates. The extra propylene giyenl
(in those laminates to which it bhad been tdded) is clearly
exident &t about the expected concentration, but the extra
dicthylene glycol was not apparent. This is explainabie by the
fact that diethylene glycol was sdded to the gel coul resin and

propylene glycol to the lay-up resin. Therefore the overall
percentage of incresse in diethylene glycol was small, and its
Jocation encouraged diffusion out of the laminste during

concentrations oY 10T cwlomandofor.anic
wbmneulnthehﬁsm fivids have beer sstimated seri-
quantitatively. Seversl cavioris wer: found, and con-
cenirations of up to §6.7% by weght were detected eve~ miier
nine moaths of immetsion. Takium wes fay th most oonr-

.00 cation species. The ebstrved copseaurstions of erticss

W not depend on gloss =3t blade.

The main orgunic sbstances present were the glycels,
benzaldchyde, styene and {sometimss) acetic acid, but many
gihers were identifiad at low concentrations.

Complicaiions arose in the analysls of the dlister fiuids,
because of the interaction hetween the consutuents in the
blisters before sempling, or during sworage in seaied am-
poules, or ubsequently on the GLC coluinn. Consequently
the Laierpretation of the enalvtical data and correlation of the
dan with observed blist:r cevelopmant rates, should not be
regardad as quantiiive.
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TARLE 1. CATION CONCENTRATIONS IN BLISTER PLUIDS
FROU § TYPICAL PAMILS
Bm:t Wo. of days Cation conc. (ppm)
type in wvater Na X Ca " Al
b4 200 28 154 4300 6% 790
ar 440 570 7500 1850 8%
120 (1] 2%0 2600 565 825
120 220 225 3150 12% *
94 270 . . 1625 3715 470
2460 % 178 5875 100 .
an 15 L1 1500 3% 425
 $ 94 120 . . 2000 450 T
* tapufficiant fluld for asalyeds
-t
CARLE 2. GAS-LIDUID CHAORLSUGBAMIIC AMLYBIC OF N.ISTEA FLLIDS
1.2 reCFnIOR OIETEILLANR VRO AREIALDENTOR ALXTIC ACID
w. oF GLYOR ALY
FIRTIORARY OAYS ) )
L aennd 5‘“ Molez wolar #oler wolar waler
At :sc Cone, Q.b. Cone. 0.0, 3 ST o.r, Coac, AP, Cone. [\ N
wo™? wio™! w | mom? et { qemt w0t 1 oaoed
yorapaa jo LY 3.0 .2 6.8 1.7 3.9 8.0 [ 99 A&.0 0.8 2.2
r-3
20 3%.0 9.3 1.4 .4 1.8 5.0 3.6 1s.0 ) 0
aw 33.0 9.1 3.) O.¢ 3.8 4.9 6.1 16.0 .t 4.4
Peraphh 128 * - 4.3 1.2 3.4 6.3 2.8 1.4 .0 iMoo
-8
w0 . - 4.3 Al 9.6 5.0 2.4 8.2 %.Q 1m0
% 36 0.9 3.6 0.9 X% 5.8 A N 6.3 i+ [}
. o Poak sxoseded chart wisth
0.7, = Semntic Pressura L0 stacepheres
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TALLE 3. S w/w GLYCOL (BASED ON LAMINATE WRIGHT)
LEACKED PROX § TYZICAL FOAMRLS BY
SOILING UATER.

- 1,2 PROPYLENE DICTHYLENE

.| oL oo GLYooL aLyooL
6, 0.85 6.85

G 0.66 0.60

2

0.4 0.54

o 2.96 . 0,712

2 2.% 0.55

¢ G, = An issphthalic polyester musin.

&

7 ® & sisilar taophthalic polyestar reein, fram a
di 2fcrent wasufactusor.

Ga » The ca32 N8 G: Put #Ath 2.5% extra £z02
Qlethyiam glycol added. The Giffervacd 4p ot
gotioeable 4n this tahle hecanse the wel coat
cextrilatis & very msll part =f the wotal
Jominate wesyhe.

H NS ~ ¢ A c e y .

Figure £, Tiplonl Dileier Bitworn pel cout med back-up i, Yin
_ Eop oF (e SSisier Baa Seu tu eway 06 o wlindying gloss Bbans,
Fide leatunte coiralued sdind givesl. Tho dwd el gt om the
wligs of (Ee Lillaier bs 0 3 wois scnie lndiomior,
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EFFECT OF RESIDUAL GLYCOLS ON . EFFECT OF CHOPPED
BLISTERING RATE BLISTERING | sTRiAND MAT ON BLISTER- \
{IN DISTILLED WATER AT £5C) ONSET TIME| NG RATE -8
(DAYS)  [(IN DISTILLED WATER ATI %
1209 l45‘C) T \ )
RETERNS 20‘} %l § N
™ 100y LN
ok 160 -\‘ x
¢
120 R
N,
WBDe ‘g
40 N
20 .‘mﬂ‘ _ ‘ r §
LAMNATES - 3§
L)
¢ : T2
o 3
AN
, D o
EN ol & <
Figure 2. Effeet of froe glyco! conceairation os bhister emsti tme HP\
H85°Ch (Awrage OF 0w taminkisy
Figure 3, Effect of chopped strand mat susiace (reniment (slze sud
binder) on bilster caset tme. The (restmeats are given (& the Ex-
perimealal wction of the tent. (Avtrage of iea tamianies)
1
%%
EFFECT OF CATALYST/BROMOTER SYSTE&:S]
ON BLISTERING RATE
BLISTERING {IN DISTILLED WATER AT 455C)
ONSET TiIME
(DAYS)
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Fgure 4. Comparisen of kiner stivet times obtalned vilug meethy)

Hhyl Letowe  dxStopergrife/coball ectenir asd  beszoyl
pavoUde/dinsithylaaliine sysiems. (Average of ica lamianies)

)




BLISTERING
ONSET TIME
(DAYS)

Figuic 5. Effect of acid valse of iay-ap rexia ca Mhiier onssi tine.
(Awevsge of (2n lamiasies)
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EFFECT OF ACID VALUE OF LAY-UP RESIN ON
BLISTERING RATE
{IN DISTILLED WATER AT 45°C)
2004
1809
12°'L
80+
‘0 <
¢ 9
&% *
oot |
NIPEN
RO

X

_ 5 EFFECT OF MOULD RELEASE AGENT ON
BLISTERING RATY
(IN DISTRLED WATER AT 45°C) BLISTERING | BUISTERING RATE .
ONSEY TIME (N DISTILLED WATER AT 45%G)
BLISTYERING ONSET 2AYS .
TUSE (DAVS) toavs)

85 & & &8 £

Figare 6. Effect of Oxlord Blue pigmont i pel cond on Sisor emet Fig. 7. Dy oneit thnes Wit fwo slcovastive ibbuld redease agoens.

daice. (Average &f Mw tastanates).

EFFECT OF PIGMENT CONC ON

10 ¢

&) =

{Aviuge of sou lamimaies)
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SLIBTERING
ONSET TIME

(DAYS)

§BEE

R

EFFECT OF TEMPERATURE ON
BLISTERING RATE

{IN DISTILLED WATER AT 45¢C)

Y

P4
o
e

Figere . Eifect of weier umperalure oa blister omset times.

{Avaroac of tom results)
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CATION CONC. IN A TYPICAL BLISTER FLUID:
LAMINATE IN DISTILLED WATER AT 455C
%000 4 FOR 1200AYS

Figure 5.  Cstioa coacentrations teund ia & typiosé Mister Muid after
120 dayi 81 43°C.

4 (%)

CONC.
{MILLIMOLES)

300k

CONC. OF PRINCIPAL ORGANIC COMPS
INATYPICAL BLISTER FLUID
{(LAMINATE IN DISTILLED WATER
FOR 270 DAYS AT 4%C)

ulé afur 370 days b Glstind weler st A5°C.
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